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Ferguson, Kyle (B.S., Engineering Physics)
Active 2D Microrheological Studies in Freely-Suspended Smectic Liquid Crystal Films
Thesis directed by Prof. Joseph Maclennan
Thin, freely-suspended smectic liquid crystal films, due to their layered structure, provide an
ideal system with which to study two dimensional (2D) hydrodynamics. We have performed some of
the first experimental visualizations of actively-driven 2D flow fields, and compared these flow fields
to predictions made by theoretical models. First, an experiment testing the flow field generated
by a disk-shaped inclusion moving laterally in a film is described. Then an experiment testing the
flow field generated by a thin nozzle injecting fluid at a quick rate into a large reservoir is detailed.
Results are consistent with the idea that 2D fluids exhibit strong coupling with surrounding bulk
fluid.
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Chapter 1
An Introduction to Liquid Crystals and 2D Hydrodynamics
Liquid crystals (LCs) are materials which exhibit properties of both the liquid and the solid
phases. Because of this, they behave in unique ways that allow the study of many physical properties
difficult to come by in other systems. Specifically, LCs can form thin, freely-suspended films
(somewhat similar to the soap films one might create to blow bubbles). Because the surface areas
of these films are many orders of magnitude larger than their thicknesses, the films are ideal systems
for the study of two-dimensional (2D) hydrodynamics. Results from these studies can be applied
to more complex systems, such as those of a protein moving through a biological membrane.
This thesis is organized in the following way. Chapter 1 discusses all relevant background on
LCs and 2D hydrodynamics necessary to understand the work that I have performed. Chapters 2
and 3 each discuss a separate experiment I have performed to determine how 2D fluids respond to
actively-driven flow.
1.1 Smectics and Their Uses
The study of LCs dates back to 1888, when chemist Friedrich Reinitzer discovered that a
cholesterol-based material he was studying had two separate melting points: the first from solid
to LC, and the second from LC to true liquid [29]. For the first time, a phase beyond the three
traditional phases (solid/liquid/gas) had been observed. As LC research continued, it was deter-
mined that there exist various sub-phases within the liquid crystal umbrella. Generally, LCs are
divided into two groups: thermotropic (those whose phase depends on temperature) and lyotropic
2(those whose phase depends on relative concentration of two or more materials). My research has
not focused on any lyotropic LCs, and thus they will not be discussed in any more depth.
Thermotropic LCs generally comprise rod-shaped molecules, and they fall into one of three
main groups: nematic, chiral, or smectic [4, 20, 21]. Nematic LCs exhibit a bulk uniform ori-
entational order, but no positional order. Chiral LCs are much the same (and in fact are often
called chiral nematic), except the orientation rotates with distance, leading to the chiral handed-
ness. Smectic LCs, on the other hand, exhibit both orientational and positional order. Smectics
form discrete layers, within which individual molecules are for the most part confined; however,
molecules are free to flow like a liquid within each layer.
Even within the sub-group of smectics, it is possible to divide further. In this thesis, I
describe work performed with both Smectic A (SmA) and Smectic C (SmC) LCs. For materials
in the SmA phase, the average orientation of the rod-shaped molecules is directly normal to the
individual layers. In the SmC phase, the molecules are on average oriented at some angle relative
to this normal. Molecular representations of these three main thermotropic phases are shown in
Fig. 1.1.
Figure 1.1: Molecular representations of the three main thermotropic LC phases: nematic (a),
smectic (b), and chiral (c). In (b), the smectic A phase is shown on the left and smectic C on the
right. In (c), we see that chiral phases can exhibit two different kinds of chirality. Figure from [1].
Smectics as a whole, due to their layered structure, lend themselves well to forming thin,
freely-suspended films. These films are generally on the nanometer-to-micron-scale in thickness,
and are stable over long time scales due to the surface tension that holds them up. They can
3be created on film holders of various sizes and shapes, depending on what is necessary for the
experiment. For instance, one film holder may be a glass cover slip with a 3 mm diameter hole
drilled in it; another may be a piece of acrylic with a 1 cm × 1 cm square aperture laser-etched
into it. As we shall see in chapter 3, even more complex shapes can be created. Generally, any solid
material will work for the film holder as long as it contains smooth edges along the film boundary.
The films are drawn by coating the edge of a glass cover slip with the smectic material, then drawing
the cover slip over the film holder at a slow, steady rate. This is demonstrated visually in Fig. 1.2.
Figure 1.2: Schematic showing how smectic films are created. The edge of a spreader is coated in
the smectic LC, then drawn across a hole in the film holder. Though films are often circular, any
geometry is technically possible to create.
Often, we study inclusions in smectic films rather than the films themselves; this is necessary,
as the inclusions act as visualizers for long-range flow. Generally, for these inclusions we use smectic
islands - thicker, pancake-like regions of the film, like those shown in Fig. 1.3. While islands can
be generated spontaneously, this is more common to SmC materials; in SmA materials, we must
actively create them. There are two methods of doing this. In the first, we blow air on the meniscus
of the film, pushing excess smectic material into the center. In the second, we place the film in a
chamber with smoke and wait for ash particles to become embedded in the film. Small islands tend
to nucleate around these particles, making this method especially useful for long-range flow field
visualization.
Studies of these films have two main applications. First, smectic LCs are useful in the study
4Figure 1.3: Schematic showing the molecular structure of smectic islands (specifically for the SmA
material 8CB) overlaid upon a reflective microscopic image of an N = 12-layer island in an N = 4-
layer film.
of 2D hydrodynamics. By the very nature of the films, the individual molecules are confined to
a single layer, and thus have only two degrees of freedom in movement. Additionally, the large
surface-area-to-thickness ratio means that any flow between layers is still negligible compared to
the lateral flow. Second, smectic LCs act as ideal approximations to biological membranes. Both
are extremely thin fluids well in the 2D hydrodynamic regime; but while biological membranes are
complex, with many competing processes, smectic films have the benefit of constant viscosity and
uniform thickness. On top of that, we can experimentally control the types of inclusions in the
films.
1.2 2D Hydrodynamics Background
The fundamental building blocks of all fluid dynamics are the Navier-Stokes Equations; gen-
eralizations of Newton’s Second Law applied to fluids. However, when applying the linearized
Navier-Stokes Equations (often just called the Stokes Equations) to 2D fluids, one runs into what
is known as the Stokes Paradox. This is a mathematical concept with many different experimental
interpretations; the most useful for our purposes is the following: according to the Stokes Equa-
tions, the mobility µ (∝ Dη , where D is the diffusion coefficient and η is the dynamic viscosity) of
5an inclusion embedded in a 2D fluid diverges as the size of the fluid increases. This is, of course,
absurd; there must be a physical constraint to impose on the system and limit the mobility to a
finite value.
Saffman and Delbru¨ck (SD) [30] were the first to resolve the paradox as it related to the
dynamics of inclusions. They determined that one can limit the inclusion’s mobility to a finite
value if the effect of the bulk fluid above and below the 2D membrane (usually air) is taken into
account. The inclusion exchanges momentum with this bulk fluid, decreasing its mobility from
that in the true 2D case. Note that SD specifically focused on the hydrodynamics of biological
membranes; experimental confirmation that their results are applicable to all 2D fluids did not
come until later (as we shall see below). The SD expression for mobility µ is
µ =
1
4piηm
[
log
(
2lS
a
)
− γE
]
, (1.1)
where ηm is the dynamic viscosity of the membrane, a is the radius of the inclusion, γE is the Euler
constant, and lS is the Saffman length,
lS =
hηm
2ηf
, (1.2)
where h is the thickness of the membrane and ηf is the dynamic viscosity of the surrounding bulk
fluid. One limitation of SD’s result is that it is only valid for inclusions of size a lS .
Hughes, Pailthorpe, and White (HPW) [13] later expanded the SD result to determine analyt-
ically the mobility of an inclusion of any size embedded in a 2D membrane. They used the linearized
Navier-Stokes equations to calculate the drag on a cylindrical inclusion moving in a membrane; from
this drag, they were then able to calculate the diffusion coefficient and thus, the mobility. However,
the HPW corrections to the original model are cumbersome; Petrov and Schwille [25] developed
an accurate approximation that is much simpler computationally. Later, Petrov et al. [24] experi-
mentally confirmed SD-HPW theory in an experiment measuring the translational and rotational
diffusion of inclusions in a lipid membrane.
6Other refinements have been developed for SD-HPW theory to remove some of the assump-
tions made in the model. For example, in the SD-HPW model, it is assumed that the membrane
extends infinitely in all planar directions. Carbajal-Tinoco et al. [3] tested an extended model for
the diffusion of inclusions near a boundary. They found that an inclusion’s diffusion coefficient
decreases the closer the inclusion gets to a boundary. Additionally, they found that separate dif-
fusion coefficients exist for diffusion parallel to and perpendicular to the boundary, confirming a
large background of theoretical work [10, 2, 23, 5].
In another refinement, Oppenheimer and Diamant [18] extended the theory to account for
inclusions far from a wall, but still in a bounded membrane. They found refined diffusion coefficients
that shrank faster than similarly-sized inclusions in infinite membranes. They also found that
the transverse diffusion has a dependence on the overall concentration of inclusions, although the
longitudinal diffusion does not. Later [19], the two developed a theory allowing for immobile
inclusions in the membrane, finding that the interaction between a mobile and an immobile inclusion
falls off much quicker with distance than the interaction between two mobile inclusions.
Experiments have verified that the SD-HPW framework is applicable to many 2D fluids (and
not just lipid membranes, as originally discussed by SD). Prasad and Weeks [27] worked specifically
with soap films, devising an experiment to determine whether they acted more as 2D fluids or 3D
fluids. They found a 2D-to-3D transition for h/d > 7 ± 3 (where h is film thickness and d is the
diameter of the inclusions), beyond which single particles diffused faster than 2D hydrodynamics
theory predicted. However, they found that the total flow field of the film was as predicted by
theory for all values of h/d.
Nguyen et al. [17] examined the mobility of isolated inclusions roughly the size of the Saffman
length embedded in SmA films. In this quasi-2D regime between full 2D behavior and 3D behavior,
it is the HPW corrections that dominate the theoretical predictions for behavior. The group
confirmed that SD-HPW theory accurately describes the diffusion of inclusions in this regime for
smectic films; their results are shown in Fig. 1.4.
Eremin et al. [9] performed an experiment using smectic films, determining the regime for
7Figure 1.4: Reduced mobility as a function of inclusion size. The solid curve represents the SD-
HPW predictions, while the dotted curve on the left represents SD predictions without the HPW
corrections. The dotted curve on the right represents the pre-SD theory, in which the mobility
increases without bound (the Stokes Paradox). It is apparent that SD-HPW theory is accurate for
describing the mobility of single inclusions embedded in smectic films. From Nguyen et al. [17].
which SD-HPW theory dominates and the regime for which confinement effects dominate. The
scientists tilted their films at an angle such that the inclusions would flow downwards under gravity’s
influence. By measuring their motion, they found that as the film width decreases to smaller than
the Saffman length, hydrodynamic interactions stop being dominated by air coupling and instead
become dominated by confinement effects. They also found that flow fields fell off significantly
slower than 3D theory predicted. These experiments demonstrate that SD-HPW theory extends
beyond biological membranes to general 2D fluids.
Though experiments and work on the diffusion of inclusions in smectic films are not directly
related to the flow-based studies I have performed, it is imperative to discuss this 2D hydrodynamics
background since the theories I work with to predict flow in my films build upon the SD-HPW
framework. These are discussed in greater depth in their respective chapters.
Chapter 2
Mapping the Flow Field Generated by an Inclusion Moving Laterally in a Film
Note: Much of this chapter is adapted from “Active Microrheology of Smectic Membranes,”
on which I am a co-author. The paper is currently under review at Physical Review E.
While many studies of the motion of individual inclusions in 2D membranes have been carried
out, the literature is surprisingly lacking in experimental mapping of the flow fields generated by the
motion of these inclusions. The following chapter details an experiment in which we map the flow
field generated by an actively-driven inclusion moving in a smectic film and compare the observed
results to a theoretical model. A circular post is oscillated laterally in the film, and the responsive
motion of tracer particles around the post is analyzed to determine the flow field.
2.1 Theoretical Model
The theoretical model used is a generalization of a theory developed by Levine and MacK-
intosh (LM) [15]. The two built upon the SD-HPW framework to determine the response of the
film itself to the motion of an inclusion within the film. More specifically, LM derived the parallel
and perpendicular response functions (α‖ and α⊥, respectively) of the film due to a point force
acting in the film. Mathematically, these are Green’s functions that solve the Stokes Equations.
The response functions are given by
α‖(χ) =
1
4piηh
[
pi
β
H1(β)− 2
β2
− pi
2
[Y0(β)− Y2(β)]
]
(2.1)
9and
α⊥(χ) =
1
4piηh
[
piH0(β)− pi
β
H1(β) +
2
β2
− pi
2
[Y0(β)− Y2(β)]
]
, (2.2)
where χ is the separation between the point of interest and the point at which the force is applied,
η is the viscosity of the material, h is the thickness of the membrane, and β = χ/lS . Note that Hi
are Struve functions and Yi are Bessel functions of the second kind. Experimental testing of LM
theory has been limited; Qi et al. [28] indirectly tested LM theory in one direction in an experiment
determining the mutual mobilities of islands in smectic liquid crystal films, but a full mapping of
the flow fields generated by actively-driven inclusions in smectic films has not yet been performed.
In reality, we of course have objects of finite size rather than point forces. We can generalize
the LM response functions to this situation by employing a technique developed by Tatiana Kuri-
abova (paper not yet published). For the case of a circular inclusion moving in close proximity to a
straight boundary (chosen for the sake of this description to run along the y-direction), the velocity
response of the film is given by
vµ(x) =
∫ 2pi
0
fν(φ)αµν
(
x− x′(φ)
)
dφ+
∫ +∞
−∞
gν(y)αµν
(
x− x′(y)
)
dy. (2.3)
In this equation, µ, ν = x, y. The vectors x′(φ) = a cosφxˆ + a sinφyˆ and x′(y) = ∆xˆ + yyˆ (where
a is the radius of the inclusion and ∆ is the distance between the boundary and the center of the
inclusion) describe the edge of the inclusion and the straight boundary, respectively. The strengths
of the point forces along the edges, fν(φ) and gν(y), are initially unknown and must be solved for.
αµν is the LM response tensor, given by
αµν(x) = α‖(|x|)xˆµxˆν + α⊥(|x|)[δµν − xˆµxˆν ]. (2.4)
By implementing no-slip boundary conditions along both edges, we can determine fν(φ) and
gν(y). The equation must be solved numerically; thus, the integrals are discretized, with the edges
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broken up into a multitude of so-called Levineslets, portions of extremely small size that can be
approximated as points. Additionally, the infinite bounds in the second integral are set to ±10∆
since points beyond this have negligible effect. Because the Stokes Equations are linear, we can
superpose the response due to each of these Levineslets and solve for the total flow field. This is
known as the boundary element method.
2.2 Experiment
I now describe the experimental setup we used to test the generalized LM model. We used
two different film holders: the first a circular film holder 1 cm in diameter (to test flow far from
any boundaries), and the second a 10 mm × 4 mm rectangular film holder (to test flow for an
inclusion moving in close proximity to a straight, fixed boundary). The smectic material we used is
8CB (4′-n-octyl-4′-cyanobiphenyl, Sigma-Aldrich), which has the following phase diagram: Crystal
→ (21.5 ◦C)→ Smectic A→ (33.5 ◦C)→ Nematic→ (40.5 ◦C)→ Isotropic. We see that 8CB is in
the smectic A phase at room temperature. The material’s molecular structure is shown in Fig. 2.1.
8CB has a viscosity of η = 0.052 Pa · s [32] and a density of ρ ≈ 0.96 g/cm3 [14], while each layer
is 3.17 nm thick [6]. Given that the viscosity of the surrounding air is η′ = 1.827× 10−5 Pa · s [8],
and that standard films are between two and six layers thick, we generally have Saffman lengths
between 9 and 27 µm.
Figure 2.1: Molecular structure of 8CB. From [22].
Once a film has been drawn, ash particles are deposited on it to act as flow visualizers, as
described in chapter 1. The film is placed beneath a microscope and the post is raised so that the
tip just pierces the film (note that the post is coated in a small amount of 8CB in order to do
this without popping the film). The post is attached to a magnet atop a leaf spring; an oscillatory
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current signal is sent through a solenoid to drive the post back and forth. We drive the post with a
2 Hz triangle wave, with a peak-to-peak amplitude of approximately 50 µm. The film is observed
using reflective light microscopy, and video is captured at 60 frames per second on a Phantom v12.1
video camera with 1280× 800 resolution. The videos are decomposed into image stacks, which are
run through a particle-imaging velocimetry program in order to determine the instantaneous flow
field. The entire setup is depicted visually in Fig. 2.2. Note that initially, we used a slightly
different setup in which the post was attached to a piezoelectric plate. This would occasionally
cause electrostatic repulsion of the tracer particles from the post, so we changed to the setup shown.
Figure 2.2: Experimental setup to test the generalized LM model. A thin, metal post is mounted
on a leaf spring and raised such that it just pierces the film. The post is driven back and forth by
a solenoid, and the film is observed via reflective light microscopy.
2.3 Results
We mapped the flow field in four separate cases: two in the center of the circular film (with
different post sizes) and two near a straight film boundary (for motion parallel and perpendicular
to the boundary).
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2.3.1 Center of the Film
We first examined the case of a post of radius a = 8.1 Saffman lengths moving laterally in
an N = 3-layer film. A reflective microscopic image of this situation is shown in Fig. 2.3 (a). Note
that the small white dots are the ash particles embedded in the film, each with a small smectic
meniscus surrounding it. There is an excess of 8CB around the edge of the post; however, the
movement of the post is slow (Re ≈ 10−5), so this excess material moves with the post without
becoming deformed, essentially acting to extend the radius. The post itself is of variable brightness
because its uneven top reflects light in different directions, but since this part of the post is not in
direct contact with the film, the effect on the flow is negligible. The instantaneous velocity of the
post is in the positive y-direction, as can be seen by the experimentally observed flow field plotted
in Fig. 2.3 (b). Fig. 2.3 (c) shows the LM-predicted flow field. Qualitatively, it appears that theory
and experiment are in agreement.
Figure 2.3: (a) Reflective microscopic image of a post of radius a = 8.1 Saffman lengths moving
in an N = 3-layer film. The y-axis represents the direction of instantaneous velocity, which has
the value v0 = 143 µm/sec. The small white dots are ash particles surrounded by a small smectic
meniscus, used to visualize the flow. (b) Experimentally-observed flow field for the same situation.
The flow field is determined using a particle-imaging velocimetry program developed by a graduate
student at CU. The green arrow represents the direction of post movement. (c) LM-predicted
flow field for a disk-shaped inclusion the same thickness as the film 8.1 Saffman lengths in radius.
Qualitatively, we see that theory and experiment agree.
It is difficult to compare the entire observed flow field to that predicted by our generalized
LM model. Rather, we examine flow along the y-axis (along the direction of post motion) and
x-axis (perpendicular to the direction of post motion). Velocity vs. distance from the center of the
post along these two lines are plotted in Fig. 2.4 (a) and (b), respectively. It is evident that the flow
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is anisotropic; flow falls off much quicker with distance in the x-direction than in the y-direction.
In these plots, the green bar represents the physical size of the post; scales are normalized such
that the radius and velocity of the post are both equal to 1. The red circles represent experimental
data, with the error bars determined by statistical averaging over 10 cycles of the post in the
same point of its oscillation. The solid black line represents the theoretical LM predictions for flow
generated by a disk-shaped inclusion the same thickness as the membrane moving within it. The
blue line represents the velocity of the air moving a distance below the film, as generated by the
post extending below the film. The dashed black line represents a best fit of the data using a model
that is a linear combination of both the LM flow in the film and the flow in the air, normalized
such that the velocity is equal to 1 at the post edge.
Figure 2.4: Magnitude of velocity vs. distance from the center of the post is plotted along the
y-axis (a) and x-axis (b). The red points are experimental data, with error bars determined by
taking the standard deviation of the mean of each point after averaging over 10 oscillation cycles.
The green rectangle represents the physical size of the post. The solid black line represents the
generalized LM-model predictions; note that it under-predicts the observed velocities. The solid
blue curve represents the velocity profile of the air a distance beneath the film. The dashed black
curve represents a best fit to the data that linearly combines the LM and air curves. In this case,
the best fit is 94.5 % LM flow and 5.5% air flow.
We see that the theoretical LM predictions for velocity fall off faster with distance than
the observed velocities. This is due to additional flow in the air beneath the film generated by
the extension of the post. While the LM model accounts for coupling between the air and film, it
assumes that the object moving in the membrane exerts a force only in said membrane. The motion
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Figure 2.5: Representation of air flow boosting flow in film. The flow field in the air is calculated
by treating the post as an infinite cylinder. Because the air beneath the film moves in the same
direction as the film, there is additional momentum-exchange unaccounted for in our generalized
LM model, leading to faster-than-predicted observed velocities.
of the air below the film in our experiment introduces an extra source of momentum-exchange to
the film/air system, boosting the flow in the film. To determine the flow field in the air, we treat the
post as an infinite cylinder and follow the derivation in Happel and Brenner [12] (not reproduced
here). A schematic of this is shown in Fig. 2.5. Unfortunately, the complete flow field in the film
can not be solved for, since the air flow is only excited below the film and not above. This is
why we have introduced the fit (the dashed black curve). While we do not expect a simple linear
combination of the two contributions to fully describe the behavior we observe, this gives us a good
idea of just how much the air contributions are a factor. For the case of a post 8.1 Saffman lengths
in radius, we find that the best fit comprises 94.5 % LM flow and 5.5% air flow. It is important to
note that the velocity is always positive; that is, always in the same direction as the movement of
the post. As expected, we do not observe any recirculation.
We also observed the case of a post 2.58 Saffman lengths in radius moving in an N = 3-layer
film. We can see from the plots in Fig. 2.6 that the discrepancy between theory and experiment is
much more pronounced for this smaller post the best fit line comprises 66% LM flow and 34% air
flow. This is to be expected; the theoretical predictions for the air flow fall off much slower than
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those for film flow when the post is smaller (normalized to the length scale of post radius), and
thus the relative boost to LM flow is larger.
Figure 2.6: (a) Experimentally observed flow field overlaid upon a reflective microscopic image
of the post in the film. (b,c) Magnitude of velocity vs. distance from the center of the post is
plotted along the y-axis (b) and x-axis (c). All visual conventions are the same as in Fig. 2.4. The
discrepancy between theory and experiment is larger for the smaller post size, with the best fit
given by 66% LM flow and 34% air flow.
2.3.2 Near a Straight Boundary
In addition, separate flow fields were mapped for a post moving parallel to and perpendicular
to a straight film boundary. In this case, both the post edge and the boundary are broken up into
Levineslets, and no-slip boundary conditions are imposed on both.
The experimentally-observed flow field for a 3.58 Saffman length radius post moving parallel
to the boundary of an N = 5-layer film is overlaid upon a reflective microscopic image in Fig. 2.7 (a).
The center of the post is 232 µm (10.32 lS) from the edge of the meniscus. Fig. 2.7 (b) shows the
LM-predicted flow field for a disk-shaped inclusion of the same size moving parallel to a straight
boundary at the same distance. The gray area represents the film meniscus, while the cyan area
represents the actual glass boundary of the film holder. Fig. 2.8 shows velocity scans along the
y-axis (a) and x-axis (b) for this case.
Figs. 2.9 and 2.10 show the same for an inclusion moving perpendicular to the boundary;
here, the post is 5.59 Saffman lengths in radius, the film is 3 layers thick, and the center of the
post is 258 µm (19.10 lS) from the edge of the meniscus.
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Figure 2.7: Experimental (a) and theoretical (b) flow fields for a post of radius 3.58 lS moving
parallel to a straight boundary at a distance of 232 µm (10.32 lS). The gray box in (b) represents
the location of the film meniscus, and the cyan box represents the actual glass film holder. We
treat the edge of the meniscus as the beginning of the boundary; it is essentially rigid, since fluid
in the uniform center of the film can not flow into it.
Figure 2.8: Velocity scans along y (a) and x (b) for a post in the same situation as Fig. 2.7. Note the
imposed boundary condition that the predicted LM velocity go to zero at the edge of the meniscus.
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Figure 2.9: Experimental (a) and theoretical (b) flow fields for a post of radius 5.59 lS moving
perpendicular to a straight boundary at a distance of 258 µm (19.10 lS). The gray box in (b)
represents the location of the film meniscus, and the cyan box represents the actual glass film
holder. We treat the edge of the meniscus as the beginning of the boundary; it is essentially rigid,
since fluid in the uniform center of the film can not flow into it.
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Figure 2.10: Velocity scans along y (a) and x (b) for a post in the same situation as Fig. 2.9.
Note the imposed boundary condition that the predicted LM velocity go to zero at the edge of the
meniscus.
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Note that in both cases, the velocity does become negative; that is, we both predict and
observe recirculation to occur. This is especially apparent for the post moving perpendicular to
the edge, as fluid must move back to make room for the fluid that is pushed into the boundary. In
general, the agreement between theory and experiment is much better for these two cases than for
the cases of the post moving far from a boundary. This is because the flow in the air is subject
to the same no-slip boundary conditions as the flow in the film. Thus, the air flow falls off much
quicker than it does in the center of the film, and there is not as much room for momentum exchange
between the two fluids.
2.4 Conclusion
We have performed an experiment in which a post is oscillated laterally in an 8CB film
and the resulting flow field is mapped. Observations were compared to predictions made by a
generalized LM theory. Results are consistent with the idea that the post extending beneath the
film excites additional flow in the air, boosting the observed flow in the film.
Chapter 3
Mapping the Flow Field Generated by a Thin Nozzle Injecting Fluid into a
Large Reservoir
In this chapter, I discuss another experiment in which I mapped the flow field generated by
a thin nozzle injecting a smectic LC into a large reservoir of the material and compared the results
to a theoretical model. Though the theoretical treatment of this geometry is well understood, and
even often used as an example of implementing 2D Navier-Stokes Equations in textbooks [31, 26],
this is the first experimental visualization performed for flow fields of this geometry. In addition,
results allow us to better determine when a thin fluid is truly in the 2D regime, and when it is
more quasi-2D.
3.1 Theoretical Model
The solution to the flow field generated by an infinitesimally thin nozzle injecting fluid at
a constant rate into an infinite reservoir is a straightforward application of the 2D Navier-Stokes
Equations: the continuity equation,
∂vx
∂x
+
∂vy
∂y
= 0, (3.1)
and the momentum equation,
vx
∂vx
∂x
+ vy
∂vx
∂y
= ν
∂2vx
∂y2
, (3.2)
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where vi are the velocity components and ν is the kinematic viscosity. Note that the nozzle is taken
to sit at the origin and point in the positive x-direction. Only two assumptions are made. The first
is that the velocity of the fluid approaches zero as y (the distance perpendicular to the direction of
the nozzle) approaches infinity. The second is that the nozzle acts as a constant momentum source,
M = ρ
∫ +∞
−∞
v2x dy, (3.3)
such that the momentum flux along the entire y-line is constant and independent of x.
Once these two assumptions are implemented, the Navier-Stokes Equations can be solved
approximately in the high Re regime [16], with the flow velocity components given by:
vx =
(
3M2
32ρ2νx
)1/3
sech2ξ (3.4)
and
vy =
(
Mν
6ρx2
)1/3
(2ξsech2ξ − tanh2ξ), (3.5)
where
ξ =
(
M
48ρν2
)1/3 y
x2/3
. (3.6)
This flow field is plotted (with arbitrary units) in Fig. 3.1. The nozzle sits at the point (0, 0).
3.2 Experiment
In order to test this geometry, a more complex film holder was needed than either the circular
or rectangular ones used in the previous experiment. We created a film holder with racetrack
geometry, shown in Fig. 3.2. Air is blown at a controlled speed through a needle beneath the film
near the location of the red arrow. This generates the long-range flow necessary. As the fluid
travels around the track, it is funneled through the thin nozzle in the upper right, then injected
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Figure 3.1: The predicted flow field for an infinitesimally thin nozzle acting as a constant momentum
source for an infinitely large reservoir of 2D fluid. The nozzle sits at the point (0, 0).
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Figure 3.2: The film holder used in the nozzle experiment. A thin needle is used to blow on the
film, exciting flow in the direction of the red arrow. The nozzle is 0.5 mm wide, and the reservoir is
21 mm wide by 20 mm long. The red box represents the area observed underneath the microscope.
Because this area is larger than the camera’s field of view, we take 9 separate videos and stitch the
flow fields together in MATLAB.
into the large reservoir. The size and shape of the reservoir were designed such that any vorticity
in the flow does not affect the flow field in the area observed, allowing us to treat the reservoir as
essentially infinite. The entire setup is housed inside a vacuum chamber, so the experiment can be
performed at different pressures. Note that while a true vacuum cannot be achieved due to the use
of blown-in air to excite flow in the first place, the pressure can still be regulated as we reach an
equilibrium between the air blown in through the needle and the air pumped out by the vacuum
motor.
Rather than use 8CB for this experiment, we used a material called MX 12805, a multi-
component Displaytech LC mixture which has the following phase diagram: Isotropic → (84.7 −
82 ◦C) → Nematic → (81.4 ◦C) → Smectic A → (66.1 ◦C) → Smectic C. Thus, it is in the
SmC phase at room temperature. MX 12805 films are generally more stable than 8CB films,
which makes them useful for drawing the larger films required for this experiment. Additionally,
MX 12805 spontaneously generates islands, making it useful for working in vacuum chambers. It
is difficult to generate islands by ash particle deposition in this case, because one must deposit the
ash particles before moving the film into the vacuum chamber. The presence of ash particles in the
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film makes it less stable, and thus more likely to pop when the surrounding air is disturbed.
Part of what makes this experiment challenging is that we are mapping flow over such a large
area, rather than over an area local to the source of the flow. In order to capture the entire region of
interest, nine videos were captured in a 3× 3 square (shown in Fig. 3.2), each sub-region separated
by a distance of 2 mm. Each video comprised approximately 200 frames at 60 frames-per-second.
An XY-stage was used to shift between different sub-regions; it was controlled using the open-source
program Micro-Manager [7]. An open-source particle imaging velocimetry program, OpenPIV [33],
was used to map the flow field in each sub-region by tracking the motion of islands in the film. A
MATLAB script that I wrote then averaged the flow field over all frames in each sub-region and
stitched the 9 averaged fields together into one large field. Because the field-of-view in a single
sub-region was larger than the separation between sub-regions, there was some overlap between
each video (approximately forty percent of the field of view in the y-direction and ten percent in
the x-direction). The area of overlap was split in half, with half of the data used coming from one
sub-region and half from the other.
3.3 Results
Again, it is difficult to compare the entire observed flow field to that predicted by theory.
Rather, I examined only the flow along the characteristic line exiting straight from the center of
the nozzle. Along this line, there is only an x-component of the velocity, and it simplifies from the
complicated expression above to
vx =
(
3M2
32ρ2νx
)1/3
. (3.7)
MX 12805 has density ρ = 980 kg/m3 and kinematic viscosity ν = 6.33×10−5 m2/s. M , however, is
not a property of the material but is dependent upon the speed at which fluid is being injected from
the nozzle. It is set as a free parameter and determined by fitting the model to the experimental
data. Velocity vs. distance from the nozzle along this center line is plotted for a film at atmospheric
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pressure (∼ 625 torr) in Fig. 3.3. The solid black curve represents the theoretical model prediction
(using the best-fit M), and the red points represent experimental data.
Figure 3.3: Velocity is plotted as a function of parallel distance from the nozzle for the case of a
film at atmospheric pressure (∼ 625 torr). The red points represent experimental data, and the
solid black curve represents the theoretical model. We note that the predicted behavior falls off
slower than the observed behavior. It is assumed that this is due to coupling between the film and
the air that is not accounted for in the theory.
It is apparent that the predicted velocities fall off slower with distance than the observed
ones do. It is assumed that this is due to coupling with the air that the model does not account for.
Although this proved difficult to test in the moving post experiment of Chapter 2, the geometry of
the equipment for this experiment makes it much easier to house everything in a vacuum chamber.
We perform the experiment again at a variety of pressures. Because it is difficult to keep the air
blowing in and the air pumped out at an exact equilibrium, each set of data was taken over a small
range of pressures; however, these ranges are small enough to not noticeably affect the physics.
Velocity vs. distance from the nozzle is plotted for 2 different pressures in Fig. 3.4.
We do experience two main experimental problems at reduced pressure. The first is that the
film tends to deform and become non-planar near the nozzle. This out-of-plane bending creates
dark regions in the film, where the reflected light from the microscope is not directed back up
towards the objective lens. While this happens at all pressures, it becomes more pronounced at
lower pressures, and extends over a larger area, as can be seen in Fig. 3.5. However, this serves
26
Figure 3.4: Velocity is plotted as a function of parallel distance from the nozzle for films at different
pressures. Data at lower pressures appears noisier because there are small perturbations caused by
the pumping out of air by the vacuum. Additionally, out-of-plane bending near the nozzle increases
in area for lower pressures, so the observed flow fields begin farther from the nozzle.
only to lessen the region over which we can observe flow; it does not affect the flow itself by any
measurable amount. The second problem is that the data tends to become noisier as the pressure
goes down, with an apparent oscillatory behavior emerging. It is difficult to determine if this is a
real effect, or simply a failure of the OpenPIV program to accurately determine the velocity just
beyond the dark regions, where the image is still somewhat blurry.
Perhaps counter-intuitively, it does not appear that the theoretical model explains the be-
havior any better as the pressure decreases. We note a few different reasons for this. First, as SD
showed, it is not the pressure of the bulk 3D fluid that matters, but the viscosity. The viscosity
of air does not noticeably change between the range of 0.1 − 625 torr [11], so we do not expect
to see much change in behavior. Additionally, the theoretical solution assumes a high Reynolds
number; unfortunately, the highest Reynolds number we achieved was Re ≈ 1, so we do not expect
the model to be accurate in this regime. Lastly, the nozzle is not a point source (as assumed in our
model), and flow across the nozzle itself is non-uniform, further contributing to the discrepancy.
Future work will focus on improving the experimental setup so that lower pressures can be
achieved and true 2D behavior can be observed. Additionally, we are currently developing a process
to achieve high-Re flow, and we hope to be able to truly probe the high-Re regime soon. A new film-
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Figure 3.5: Out-of-plane bending near mouth of nozzle. The image on the left shows the film at
atmospheric pressure, and the image on the right shows the film at 0.1 torr. Note that despite a
longer exposure time, the image on the right still has a larger region that appears darker. While
this bending does not appear to affect the flow, it does make it more difficult for OpenPIV to
accurately determine the velocity just outside the dark regions.
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holder has been machined with a smaller nozzle, which should make the assumption of a point-sized
nozzle more accurate. In the case that these developments do not yield better agreement between
model and experiment, we plan to update our theoretical treatment of the system to better account
for the discrepancies between the two.
3.4 Conclusion
We have mapped the flow field generated by a thin 2D nozzle injecting fluid into a large
reservoir at multiple pressures, and compared the observations to predictions made by the 2D
Navier-Stokes Equations. The work was performed at multiple pressures in order to probe when
the films start behaving as true 2D fluids rather than quasi-2D fluids. Results imply that this
crossover does not occur above pressures of 0.1 torr, though a more refined experiment and model
would help to strengthen this conclusion.
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